We used in situ hybridization to specifically identify mitochondria in a series of formalin-fued, paraffin-embedded oncocytic lesions. Digoxigenin-labeled D N A probes were generated by the polymerase chain reaction (PCR), with primers designed to amp* a mitochondrion-specific 154 BP sequence within the ND4 coding region. Probes were hybridized with mitochondrial D N A under stringent conditions. Oncocytes were strongly and consistently stained,
Introduction
Oncocytes, i.e., cells with abundant granular eosinophilic cytoplasm containing many mitochondria, are found in a variety of neoplastic, hyperplastic and reactive conditions (1) . When oncocytes are the dominant cell type i n a neoplasm the tumor is called an oncocytoma. Oncocytes may also be diagnostically significant in non-neoplastic conditions such as Hashimoto's thyroiditis. Presently available histochemical stains for mitochondria are of limited specificity, and most require frozen tissue (2); consequently, electron microscopy (EM), an expensive and labor-intensive technique, is often used to identify mitochondria in fixed tissues (3, 4) . We describe a rapid colorimetric in situ hybridization method, using PCR (>)-generated probes to mitochondrial DNA, to specifically stain oncocytes in formalin-fixed, paraffin-embedded tissue.
Materials and Methods
Specimens. Archived blodts of formalin-fixed, paraffin-embedded surgical pathology specimens were used for this study. The specimens included 11 cases of adenolymphoma (Warthin's tumor), two cases of Hashimoto's thyroiditis, two oncocytomas of the kidney, and two parathyroid adenomas and one granular cell tumor of the esophagus. Selection was based on the availability of tissue adequate to obtain five or more sections. Five of the 11 Warthin's tumors, two of two Hashimoto's thyroiditis, and one of the two renal oncocytomas included in this study were previously examined by EM. In all these cases EM revealed cells packed with mitochondria characteristic of oncocytes (4).
Probe Preparation. Hybridization probes were prepared with DNA amplification by the polymerase chain reaction (PCR), nick-translation (6) . or random primer extension (7) . Mitochondrial probes were all made with PCR in a 50-ml reaction buffer containing 10 mM Bis-HCI, pH 8.4, 1.5 mM MgCI, 50 mM KCI, 0.2 mM each deoxyadenosine triphosphate, deoxycytidine triphosphate, and deoxyguanosine triphosphate, 0.18 mM deoxythymidine triphosphate, 0.02 mM biotin-deoxyuridine triphosphate (Enzo; New York, NY) or digoxigenin-deoxyuridine triphosphate (Boehringer Mannheim; Indianapolis, IN) and 1.2 mM each primer. In this reaction, 2 ml (approximately 100 ng) human mitochondrial DNA was amplified with 2.5 U of l i q polymerase (Perkin Elmer Cetus; Emeryville, CA). The cycle parameters were: 94'C for 45 sec, 51'C for 45 sec, and 72°C for 45 sec; 30 rounds of amplification were followed by an extension step at 72'C for 5 min. The primers were designed to amplify a 154 BP fragment within the ND4 coding region of the mitochondrial genome. The primer sequences are as follows:
PCR Link nt 11673-nt11691 ccccctgaagcttcaccgg Rev 118 nt11626-nt11607 gctattagtgggagtagagt Human placental DNA (Sigma; St Louis, MO) labeled with digoxigenin by the random hexamer primer method was used as conuol probe. Briefl~ 2 pgplacental DNA was heat-denatured and incubated for 90 min at 37'C with 0.2 mM each of dATP, dCV, dGTP, and 0.13 mM d m , 0.07 mM dig-dUTP (Boehringer Mannheim), 2 ml hexanucleotide mix (Boehringer Mannheim), and 2 U Klenow enzyme (Boehringer Mannheim). The reaction was stopped by adding E m . The probe was ethanol-precipitated and redissolved in Tris-EDTA (TE) buffer.
Biotin-labeled control probes were made from human placental DNA by incorporating bio-11-dUTP by nick-translation. One pg of placental DNA in a buffer of 50 mM Tris-C1, pH 7.5, 5 mM MgCI, 0.3 mM each dATP, dCTP, dGTP, and biotin-dUTP (Enzo) was treated with 12 U of DNA polymerase I and 0.01 p g h l DNAse mix (Amenham; Arlington Heights, E). After this mix was incubated for 30 min at lS'C, the reaction was terminated by heating to 70°C for 10 min and adding ethyldiaminetetraacetic acid (EDTA). All probes were tested for optimal size range (200-500 BP) and labeling by Southern blot analysis.
Preparation of Slides. Four-pm sections from paraffin-embedded tissue were cut onto either Probe On Plus (Fisher; Pittsburgh, PA) or poly-^lysine-coated slides. Slides were dewaxed in four 2-min xylene washes after they had been baked for 25 min at 60'C. Slides were then dehydrated in four 2-min washes in absolute ethanol. After hydration in 95% ethanol, sections were digested for 25 min in 0.4 mglml proteinase K (Sigma) in 50 mM Tris-HCI, pH 7.5, and 5 mM Proteinase K was removed by washing in %is-saline Brij, pH 7.5 (TS-Brij 7.5). Based on trial hybridizations with digoxigenin-labeled placental probes, enzyme concentration was changed on some tissues to optimize signal resolution. The concentration of proteinase K ranged from 0.4 to 1 mglml. In Situ Hybridization. In situ hybridizations were performed as described earlier, with a few modifications (8) . Briefly, digested slides were dehydrated in absolute ethanol. Probe (0.5 mglml) was applied to the slides in a hybridization mix of 45% formamide (BRL; Gaithersburg, MD), 5 x SSC (0.75 M NaCI, 0.075 M sodium citrate), 25 mM sodium phosphate, dibasic, pH 6.5, 1 x Denhardt's solution (0.02% each Ficoll 400, polyvinylpyrrolidone 40, bovine serum albumin. fraction V), 10% dextran sulfate, and 0.25 mglml sheared denatured herring sperm (Sigma). The samples were then denatured at 105°C for 18 min, hybridized at 37°C for 2 hr, and washed in 2 x SSC/SDS, 0.2 x SSC/SDS, and 0.1 x SSC/SDS at 4 2 C BSA 1% (Sigma) was used as a protein block. Biotinylated probes were detected with 1:400 avidin-alkaline phosphatase conjugate (Dako; Carpinteria, CA) in the blocking solution at 37'C for 20 min. Digoxigenin probes were detected with 1:500 anti-digoxigenin-alkaline phosphatase conjugate (Boehringer Mannheim) under the same incubation conditions. Slides were washed in TS-Brij 7.5 and Tris-saline Brij, pH 9.5, before colorimetric detection with nitroblue tetrazolium chloride (NBT Sigma) and >-bromo-4-chloro-3-indolyl phosphatep-toluidine salt (BCIP) (Amresco; Solon, OH) (9) . Nuclear fast red was used as a counterstain.
Results
With digoxigenin-labeled probes, strong, dark, finely granular staining was evident in the cytoplasm of oncocytes (Figures 1-3) . Positive staining was confined to the cytoplasm, which sharply outlined the clear unstained nuclei. No significant difference in staining intensity was observed between oncocytes of the various neoplastic and non-neoplastic tissues examined in this study. In contrast to the oncocytes, lymphocytes, macrophages and the non-oncocytic epithelial cells revealed minimal or absent signal. Signal was also absent in the granular-cell tumor. Negative controls using the placental probe showed strong staining of the nuclei of both oncocytes and other cells, but no staining of the cytoplasm. No nuclear or cytoplasmic staining was seen in the negative controls in which no probe was included in the hybridization solution.
Sections hybridized with biotinylated probes demonstrated a strong cytoplasmic signal, similar in intensity and distribution to that generated with digoxigenin-labeled probes (Figure 4) . However, the negative controls, incubated with probe-free hybridization mix followed by avidin-alkaline phosphatase conjugate, also showed cytoplasmic staining of varying intensity. This nonspecific staining was abolished when the avidin-binding sites were blocked by pre-incubation with avidin [(0.5 mglml) (Sigma) at 37°C for 30 min].
Discussion
An exceptionally strong signal was consistently generated in oncocytes in all tissues stained with the digoxigenin-labeled mitochondrial DNA probes. This strong signal is almost certainly due to the enormous quantity of target DNA within these cells: each mitochondrion has multiple copies of DNA, and each oncocyte has a vastly increased number of mitochondria. Nuclei were not stained but were outlined and highlighted by the surrounding strongly stained cytoplasm. Strong staining of the basal cytoplasm of the convoluted tubular epithelium in the kidney was evident, corresponding to the distribution of mitochondria within these cells. Histocytes and granular cell tumor cells, which may occasionally be mistaken for oncocytes in hematoxylin and eosin-stained tissue sections, did not stain with the mitochondrial probes. Weak or absent cytoplasmic staining was present within lymphocytes, fibroblasts, and other non-oncocytic tissues. The number of mitochondria in these cells is apparently below the level of detection achieved by our probes and hybridization conditions.
The avidin-biotin system often gave a strong signal localized to the oncocytes, even in negative controls processed without addition of probe. This background staining is almost certainly due to endogenous biotin within the mitochondria. Several lines of evidence indicate that mitochondria are rich in biotin: three of the four enzymes for which biotin serves as a co-factor are mitochondrial enzymes (lo), and subcellular fractionation has shown enrichment of biotin within the mitochondrial fraction (11). In addition, avidin selectively binds to mitochondria within Clara cells of rat lung (10).
Nonspecific staining of oncocytes with alkaline phosphataseconjugated avidin was strong enough in some cases to be used as a specific stain for oncocytes. Probably owing to variable loss of biotin during fixation and processing of tissue for paraffin sections, staining of oncocytes with alkaline phosphatase-conjugated avidin was less consistent than staining by in situ hybridization. Nonspecific staining of endogenous biotin can be blocked by addition of avidin and biotin before application of the probe, steps that are not needed when the digoxigenin-labeled probes are used.
In addition to its use as a highly sensitive and specific stain for identification of oncocytes, in situ hybridization may prove useful in the study of mitochondrial diseases. Deletion of specific segments of DNA have been reported in several inherited mitochondrial diseases (12) and have been hypothesized to occur in the mitochondrial DNA within the oncocytes (13). In the present study, no homeoplasmic deletions of the 154 BP segment of mitochondrial DNA targeted by our probe were observed within oncocytes. However, in situ hybridization may be useful for identifying and localizing mitochondrial deletions. This technique may be particularly valuable in the study of tissues with heterogeneous cell populations, in which the number of normal and defective mitochondria may vary among different cells within the same tissue.
In summary, our study demonstrates a colorimetric in situ hybridization method for identification of mitochondria with PCR- generated probes. This method can be performed within 6 hr, is less expensive and labor intensive than electron microscopy, and does not require radioactive isotopes. In addition to use as a diagnostic technique for identification of oncocytes, this method may prove useful for investigation of mitochondrial diseases.
